Water-based lubricants might become an interesting alternative to conventional oil-based lubricants and help to reduce wear as well as improve the energy efficiency of transport processes. Since pure water is generally a rather poor lubricant due to its low viscosity and corrosiveness, it must be tribologically optimized with suitable additives. Here, we study the friction behavior of alkyl glucopyranosides (AGPs) with varying lengths of the alkyl chain. Sliding experiments show that a significant reduction in the coefficient of friction compared to that of pure water is observed. The extent of friction reduction depends strongly on the concentration and on the shearing conditions. It is assumed that the low coefficients of friction are due to the ability of AGPs to form liquid crystalline phases with an ordered structure in the friction gap. Furthermore, the interaction of the AGPs with the surface forms a wear protection layer (boundary lubrication). The friction properties of the water-based system are compared to those of a conventional, mineral oil-based lubricant.
Introduction
Tribological contacts account for about 23% (119 EJ) of total global energy consumption. Twenty percent of this is used to overcome friction and 3% is used to repair wear failures [1] [2] [3] [4] [5] . With rising awareness of sustainability, current tribological research therefore focuses on the development of sustainable and energy-efficient systems ("green tribology") [6, 7] . New surface and material technologies, the substitution of mineral oil-based lubricants with biodegradable ones or the mimicking of natural systems allow new tribological systems to be developed [6, 8] .
In this context, water-based lubricants could be an option to replace mineral oils in certain applications, due to their high fluidity and high thermal conductivity [9] . On the other hand, the corrosiveness and low viscosity of water pose serious challenges in this context. Therefore, additives are currently being sought which improve the properties of water as a lubricant. Some fundamental studies of water-based lubricants at the nanoscale have been investigated to provide a deep insight into the lubrication mechanism. An ultralow COF can be achieved through the use of surfactants [10, 11] as additives or by employing surfaces decorated with polymer brushes [12, 13] . The extremely low friction was ascribed to efficient lubrication between hydrated layers [14] . Others studied nanostructured materials, such as metals, metal oxides and graphene, as additives to water in this context [15] [16] [17] [18] [19] [20] . However, in these cases the application of the lubricant was limited by their poor dispersibility. Efforts were made to reduce their high surface activity and avoid aggregation [20] . Fluorinated graphene was functionalized by urea to improve surface wettability and to ensure a homogenous dispersion However, APGs are generally composed of compounds with varying substituent chain lengths, and, additionally, vary in their molecular weight, and therefore the tribological mechanisms cannot be easily understood. In this work, structurally well-defined alkyl glucopyranosides were used for rheological and tribological analyses. In a previous study, low COF in a binary octyl-ß-D-glucopyranoside (C8)/H 2 O system with a concentration of 40% was already demonstrated [50] . It was assumed that the interaction between the surface and the shear-induced molecular orientation is responsible for the improvement in tribological properties. The aim of this work is to investigate the substance class of glucopyranosides in more detail. Therefore, different concentrations of C8 in water were investigated with respect to their critical micelle concentration (CMC). In addition, further glucopyranosides with shorter (C6) and longer (C10) alkyl chain length were investigated to analyze the influence on friction. The results are discussed in comparison to an aqueous mixed solution of alkylated oligomeric sugar (C12-C14) and reference oil.
Materials and Methods

Materials
Aqueous systems based on Octyl ß-D-glucopyranoside (C8), hexyl ß-D-glucopyranoside (C6) and decyl ß-D-glucopyranoside (C10) were used as model substances to study the frictional behavior and the influence of alkyl chain length (Sigma-Aldrich GmbH, Darmstadt, Germany). In addition, Glucopon 600 CSUP (Sigma-Aldrich GmbH, Darmstadt, Germany), an approximately 50% aqueous mixed solution of alkylated oligomeric sugar (C12-C14) was used. As a comparison for friction coefficient behavior, Optigear 32 (Castrol, Freiburg, Germany) was tested, which is a high-performance gear oil for long-term lubrication. The aqueous solutions with different concentrations in weight percent were prepared by solving in millipore water (0.05 µS/cm, Simplicity ® , Germany). 100Cr6 plate (Optimol Instruments, Munich, Germany) served as a friction surface for the tribological measurements.
Methods
Static contact angle measurements (OCA20 Setup by Dataphysics GmbH, Filderstadt, Germany) on a 100Cr6 steel surface were carried out to determine the CMC of C8 aqueous solution. The dosing volume is 5 µL with a dosing rate of 2 µL/s. A mean value was calculated from at least five positions.
The viscosity of all samples was determined by a rotational rheometer (Physica MCR 501, Anton Paar, Ostfildern, Germany) with cone-plate geometry (CP: 50-2/TG, diameter: 49.915 mm, angle: 2.001 • ) at an increasing shear rate of 0.1 s −1 to 100 s −1 at 20 • C.
The ability of alkyl glucopyranoside with different alkyl chain lengths to form ordered liquid crystalline structures as a function of concentration was investigated. The phase behavior at room temperature was characterized by light microscopy (Scope A1, Zeiss, Oberkochen, Germany) under crossed polarizers with an LED light source.
Tribological experiments were performed with ring (100Cr6, outer diameter: 20 mm, inner diameter: 17 mm, 60 HRD, Ra: 0.22 µm, Rz: 1.87 µm)-on-plate (100Cr6, diameter: 24 mm, height: 6.9 mm, 62 HRD, Ra: 0.047 µm, Rz: 0.63 µm)-sliding geometry (SRV-4, Optimol Instruments, Munich, Germany). To investigate the effect of concentration on tribological performance, C8 was prepared with concentrations of 0.44%, 0.73%, 1.02%, 10%, 20%, 30% and 40%. The tribological tests were performed at 50 N (0.6 MPa) and 50 Hz (0.1 m/s) for 1 h with stroke 1 mm at room temperature. Frequency ramp measurements were also carried out at oscillating speeds from 10 to 75 Hz (0.02-0.15 m/s) under modified load at room temperature and the results of different materials (alkyl glucopyranoside with different alkyl chain length, Glucopon 600 CSUP and Optigear 32) were compared. For each frequency level the test duration was 5 min. For each measurement, 1 mL sample was dropped between ring and plate, as shown in Figure 1 . The surface after the friction test was characterized by 3D laser microscopy (Keyence VK9700, Japan).
Results
Physicochemical Properties
The wettability of C8 aqueous solution on steel surfaces and its critical micelle concentration (CMC) was determined using static contact angle measurements ( Figure 2 ). The CMC is defined as the surfactant concentration above which micelles form. At this concentration, a stable surface energy with an almost constant static contact angle is reached. As shown in Figure 2 , the contact angle decreases from 38° at 20 mM concentration in a linear fashion to a nearly constant value of 21° as the concentration reaches 25 mM. The viscosity of C6, C8, C10 and Glucopon 600 CSUP aqueous solutions were recorded and compared in Figure 3 . All solutions had the same concentration of 40%. It is seen that the viscosity increases with increasing alkyl chain length. For instance, the viscosity of C10 aqueous solution is 90 times and 13 times higher than those of C6 and C8 solutions, respectively, at the chosen shear rate of 100 s −1 . The Glucopon solution possesses the highest viscosity since it contains various APG oligomers and other additives. The high-performance oil, Optigear 32, with approximately 75 mPa·s, has a comparable viscosity, at 100 s −1 , as the 40% C8 aqueous solution with 29 mPa·s. The surface after the friction test was characterized by 3D laser microscopy (Keyence VK9700, Japan).
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Comparison with a Standard Oil
The friction coefficient behavior of the model substance C8 was compared with the standard oil Optigear 32, which has a similar viscosity as a 40% C8 aqueous solution. The measurements were performed at the load 50-150 N (0.6-1.8 MPa) with sliding frequencies of 10-75 Hz (0.02-0.15 m/s). The friction results are presented in Figure 9 . In the 40% Glucopon solution, a strong reduction in the COF to values approximately 0.06-0.07 (at >0.03 m/s) is noticed compared to pure water. However, the friction is still a little higher than that of the C8 solution under the same measurement conditions. For example, at 25 Hz the COF of C8 solution reaches 0.02, while in the Glucopon solution it is about 0.07.
The friction coefficient behavior of the model substance C8 was compared with the standard oil Optigear 32, which has a similar viscosity as a 40% C8 aqueous solution. The measurements were performed at the load 50-150 N (0.6-1.8 MPa) with sliding frequencies of 10-75 Hz (0.02-0.15 m/s). The friction results are presented in Figure 9 . Figure 9a shows that the minimum COF of the commercially available lubricant Optigear 32 under the applied conditions is around 0.08. The COF decreases initially with increasing sliding speed, and then increases again at 50 Hz. With higher loads, from 50 N (0.6 MPa) to 150 N (1.8 MPa), the COF rises, e.g., from 0.08 to 0.13 at 50 Hz. Under same measurement conditions, the friction curve of the 40% C8 aqueous solution exhibits a similar tendency, however, with a much lower COF with a minimum of 0.02 (Figure 9b ). As the applied pressure increases, the frequency at which the minimum of the COF is observed shifts to higher sliding velocities.
Discussion
Friction tests in which alkyl ß-D-glucopyranosides C6-C10 are added to water exhibit strongly reduced friction and, accordingly, much less wear. The extent to which friction is reduced, however, depends quite strongly on the conditions. One important parameter is the additive concentration. At very low concentrations, the surfactant molecules become adsorbed to the steel surface to form a boundary lubricant layer. At the CMC, the individual molecules begin to aggregate to form micelles in solution, driven by hydrophobic force, so that the contact between the hydrophobic tails of the surfactant and water is limited [51, 52] . The CMC decreases with the increasing chain length of the alkyl group, from 250 mM for C6 to 25 mM of C8 and 2.2 mM for C10. The adsorbed layer of surfactant Figure 9a shows that the minimum COF of the commercially available lubricant Optigear 32 under the applied conditions is around 0.08. The COF decreases initially with increasing sliding speed, and then increases again at 50 Hz. With higher loads, from 50 N (0.6 MPa) to 150 N (1.8 MPa), the COF rises, e.g., from 0.08 to 0.13 at 50 Hz. Under same measurement conditions, the friction curve of the 40% C8 aqueous solution exhibits a similar tendency, however, with a much lower COF with a minimum of 0.02 (Figure 9b ). As the applied pressure increases, the frequency at which the minimum of the COF is observed shifts to higher sliding velocities.
Friction tests in which alkyl ß-D-glucopyranosides C6-C10 are added to water exhibit strongly reduced friction and, accordingly, much less wear. The extent to which friction is reduced, however, depends quite strongly on the conditions. One important parameter is the additive concentration.
At very low concentrations, the surfactant molecules become adsorbed to the steel surface to form a boundary lubricant layer. At the CMC, the individual molecules begin to aggregate to form micelles in solution, driven by hydrophobic force, so that the contact between the hydrophobic tails of the surfactant and water is limited [51, 52] . The CMC decreases with the increasing chain length of the alkyl group, from 250 mM for C6 to 25 mM of C8 and 2.2 mM for C10. The adsorbed layer of surfactant molecules at the interface reduces the friction effectively compared to pure water. The resulted COF remains constant at COF = 0.14 until the concentration reaches 20%, where a strong decrease in the COF is observed ( Figure 5 ). The friction regime can be described by the lambda ratio (λ), which represents the ratio of the minimum film thickness (h min ) to the composite surface roughness (R a1 and R a2 ) [53] 
The film thickness is estimated according to a simplified form of the Reynolds equation [54] h min =
where C 1 is a prefactor determined by the sliding object's inclination (C 1 = 2), η the dynamic viscosity, ν the sliding speed, F n the exerted normal force (F n = 50 N), and B and L the characteristic values for the surface area. During the measurement, the friction partner oscillates periodically and sinusoidally on the steel surface, which results in a cyclic change of sliding speed from 0 to 0.16 m/s with a mean value of 0.1 m/s. Taking 1.4 and 29.7 mPa·s as the viscosity for the 10% and 40% C8 solution [50] and assuming the surface roughness R a1 = R a2 after the friction test, which equals 0.48 and 0.48 µm lubricated by 10% and 40% solution, the lambda ratio is calculated to be 0.3-41 and 1.5-189 at low and high concentrations, respectively. At a low concentration, the lubricant layer acts as a boundary lubricant, where the steel surface asperities are occasionally in contact, as the minimum film thickness is lower than the average film thickness or the average surface asperities. At higher concentrations (above 20%), the higher viscosity induced a stronger hydrodynamic uplift effect to avoid asperities contact. The lubrication system shifts towards the "thin film lubrication" [50] , thus it reaches a lower friction under high pressure, as the lubricant molecules become oriented in the friction gap. This view is supported by the value calculated for the lambda ratio, which is much higher than 1 in this regime. The influence of alkyl chain length on the friction coefficient behavior is quite pronounced. With the shortest substituent, i.e., a hexyl group, it can be assumed that the molecular orientation in the friction gap is low. The increased friction gap with the sliding speed causes a steady decrease in COF ( Figure 6 ). It is interesting to note that the COF of the C8 and C10 aqueous solutions is comparable despite the large difference in dynamic viscosity. Matsson et al. have reported that different alkyl glucopyranosides possess similar adsorption behavior on hydrophilic metal surfaces, independent of their alkyl chain length [55] . However, C10 molecules form a liquid crystalline phase with an ordered structure at a high concentration (Figure 4 ). It is supposed that this anisotropic property facilitates the molecule orientation in the shear direction. As a result, the viscosity in sliding direction is largely reduced. However, when the surface is lubricated by a C10 solution after washing all lubricant is removed and only a wear track is left (Figure 7c ). Probably the layer is washed away by ethanol. Our measurement depicts a synergic effect of surface-surfactant interaction and molecule orientation under a high shear rate on friction. Previous work has confirmed that the friction of 40% C8 aqueous solution is low and its tribological mechanism can be described by the "thin film lubrication" model, whose features are a surface-bound lubricant layer and a fluid film with anisotropic viscosity [50, [56] [57] [58] [59] . The strong surfactant-surface interaction ensures the formation of a stable lubricating film. This demonstrates that an anisotropic viscosity can be achieved under a high shear rate due to the strong orientation of C8 molecules along shear direction and is conducive to low shear stress and friction [50] . The friction coefficient behavior of AGPs was compared to Glucopon 600 CSUP. Sulek et al. have studied the tribological property of Glucopon 600 CSUP and the effect of varying friction pairs [48, 49] . They showed that it can effectively reduce motion resistance and wear, and a low friction below 0.1 is achieved after reaching the CMC (CMC = 0.05%). They proposed that the mixture of different (oligomeric) alkyl sugars has high surface activity, thus the high concentration of the surfactant in the surface phase results in the modification of the surface layer by the formation of mesophases, which leads to low friction and wear. In our measurement, the COF of Glucopon 600 CSUP reaches 0.06 under proper conditions. As it is composed of APGs with varying lengths of the alkyl chains a friction behavior between that of C6 and C8 solutions is observed.
The comparison of the frictional properties with Optigear 32 shows that the lubricant based on glucopyranoside has an even lower COF than that of such a standard lubricant oil. Thus C8 might be a candidate for a lubricant for a broad spectrum of technical applications, especially in the field of bearings with operation conditions at a low pressure and intermittent sliding speed.
Some problems are still to be solved, such as avoiding water evaporation, which changes the concentration of the lubricant. This is detrimental for such a system, since the friction coefficient behavior is dependent on the concentration. Thus efforts have to be made to keep the lubricant concentration more or less constant. This could be achieved by either having a fully encapsulated system or be adding water from time to time. Another problem to be solved is to avoid corrosion, which is inevitable for a steel surface exposed to a water environment. Here we are working on active galvanic protection
Conclusions
The friction behavior of lubricants based on glucopyranosides shows a strong dependence on its concentration and chemical structure. The sugar-based surfactant system was chosen for its biodegradable properties, as it might be environmentally benign. The concentration of the alkyl sugar in water should be high enough to ensure a sufficient lubricating film thickness, preventing asperities' contact. The length of the alkyl chain affects the dynamic viscosity, surface-surfactant interaction and the ability of molecule orientation under shear stress, which synergistically influence the friction performance. The study of the friction mechanism, indicates that the studied aqueous system has the potential to be an attractive additive in water as it reduces the friction by more than 95%. The tribological performance compares even very favorably with a commercial lubricant. As the lyotropic liquid crystalline solutions show promising tribological properties when the alkyl sugar is used as an additive, further investigations will be carried out in combination with a fully formulated, water-based lubricant. In particular, its interaction with polyalkylene glycol will be investigated tribologically. As the application case in these investigations, plain bearings will be used.
